Acute pancreatitis (AP) is a representative inflammatory disease in dogs and cats. The pathogenesis of AP is believed to begin with dysregulated activation of intracellular pancreatic enzymes, which causes injury to pancreatic acinar cells and surrounding tissues, thus triggering an inflammatory response in the abdomen \[[@r43]\]. In severe cases, systemic inflammation induces disseminated intravascular coagulation, followed by multiple organ dysfunction \[[@r44]\]. Therefore, AP can be lethal, and potentially be poor prognosis. In dogs, the mortality rate of AP is reported as 27--58% \[[@r28]\]. The major clinical symptoms of AP are gastrointestinal symptoms, such as vomiting and abdominal pain. The treatment of AP mainly consists of supportive therapy for the alleviation of these clinical symptoms and for the prevention of complications. Based on recent advances in diagnostic tools, the mechanisms underlying the pathogenesis and prognosis of canine and feline AP have been elucidated \[[@r6], [@r44]\]. However, studies regarding AP therapy are still behind, and there is need to explore candidate medications to improve the outcome of AP.

The neurokinin 1 receptor (NK1R) belongs to the tachykinin family of peptides. NK1R and its main ligand, substance P (SP), regulate various physiological functions, including mood, gastrointestinal transit, vasoconstriction, pain, inflammation, and the vomiting reflex \[[@r11]\]. In particular, SP and NK1R are highly expressed in the vomiting center and the chemoreceptor trigger zone (CTZ), and play an important role in the induction of the vomiting reflex. NK1R antagonists are widely used as antiemetics in both human and veterinary medicine \[[@r17]\]. Maropitant is a highly specific NK1R antagonist that has been used as an antiemetic for dogs and cats \[[@r9], [@r15]\]. Maropitant performs its antiemetic action both centrally and peripherally by inhibiting the binding of SP to NK1R located in the vomiting center, CTZ, and gastrointestinal tract \[[@r37]\]. Due to its broad-spectrum antiemetic action and its wide safety margin, maropitant is widely prescribed for the treatment of vomiting of varying causes, including AP-induced vomiting \[[@r10], [@r33], [@r34]\]

In addition to their antiemetic action, several studies have suggested the novel clinical application of NK1R antagonists as anti-inflammatory agents. SP is a known inflammatory mediator in the acute inflammatory process, and NK1R is expressed in inflammatory cells, such as macrophages and dendritic cells \[[@r40]\]. NK1R antagonists were reported to exhibit anti-inflammatory effects in various inflammatory disease models, including colitis, cystitis, arthritis, asthma, and AP \[[@r12], [@r25], [@r27], [@r35]\]. In particular, SP and NK1R play important roles in the pathogenesis of AP; they are expressed in pancreatic tissue and are involved in the proinflammatory steps of AP by modulating cytokine production, plasma extravasation, edema, and leukocyte infiltration \[[@r12], [@r14]\]. These findings suggest that maropitant contributes to the management of AP, not only by its antiemetic action, but also by inhibiting the inflammatory process. In the present study, we have investigated the anti-inflammatory action of maropitant in a mouse model of AP.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

The experimental protocols used in this study were approved by the Institutional Animal Care and Use Committee of Azabu University (Approval No.: 1610108-1). Male 8-week-old BALB/c mice (BALB/c SLC: JAPAN SLC INC, Shizuoka, Japan) were kept in polycarbonate cages (CL-0106-1; 310 × 360 × 175 mm; CLEA Japan, Tokyo, Japan) with wood shavings, in a room equipped with a barrier system at the Research Institute of Biosciences, Azabu University. We used BALB/c mice since this strain is reported to show relatively high susceptibility to cerulein \[[@r42]\]. The room was air-conditioned at a temperature of 22 ± 1°C and a humidity of 55 ± 5%, and was lit for 12 hr each day from 06:00 to 18:00. The animals were acclimated to the facility for 1 week before the experiment. Mice were fed a commercial rodent pellet (mouse and rat chow; MC-2, CLEA Japan, Tokyo, Japan) and had access *ad libitum* to sterilized drinking water provided in a water bottle. All animals were examined and judged healthy before the study, and were fasted overnight before the experiment.

Study procedure
---------------

The mice were divided into three groups: Control group, which received neither cerulein nor maropitant; disease group, which received cerulein (AP induction) but not maropitant; and treatment group, which received cerulein (AP induction) and maropitant. In the disease and treatment groups, AP was induced by intraperitoneal administration of 50 *µg*/kg cerulein (Bachem AG, Switzerland), every hour for 7 hr, as previously described \[[@r22]\]. This model is a well-established rodent AP model that has long been used for assessing the pathophysiology of AP and investigating treatment methods. Maropitant citrate (Pfizer Inc., New York, NY, U.S.A.) was dissolved in saline (2 mg/m*l* final) and was administered subcutaneously to the treated mice at a dose of 8 mg/kg immediately after the first cerulein injection. Six hours after the last cerulein injection, the mice were euthanized by administration of pentobarbital followed by cervical dislocation. Blood samples were withdrawn from the heart to determine plasma amylase, lipase, and cytokine levels. The entire pancreas was removed from each mouse. The head portion of pancreas was stored with RNAlater^®^ solution (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A) and used for real-time reverse transcription polymerase chain reaction (RT-qPCR) analysis; the body portion of pancreas was immediately frozen and later used for myeloperoxidase (MPO) staining.

NK1R and SP mRNA expression levels
----------------------------------

Real time PCR was performed to measure the mRNA expression levels of NK1R and SP in the pancreatic tissue. Total RNA was isolated from the mouse pancreatic tissues using a commercially available kit (RNAspin Mini RNA Isolation Kit; GE Healthcare UK Ltd., Buckinghamshire, U.K.). After the extraction, reverse transcription was performed using a PrimeScript RT Reagent Kit (Takara Bio, Inc., Kusatsu, Japan). Real time PCR was performed with SYBR^®^ Premix Ex Taq™ II (Takara Bio, Inc.) and specific primers. The following primer pairs were used: NK1R (forward primer: 5ʹ-GCTCTGTGCATGGGTCTCTT-3ʹ, reverse primer: 5ʹ-AGGAAGGATGGCTCCAGGAT-3ʹ), SP (forward primer: 5ʹ-ACGCAGTCTCCAAAGAAAGGA-3ʹ, reverse primer: 5ʹ-ATGAAAGCAGAACCAGGGGTA-3ʹ), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward primer: 5ʹ-TGTCCCCACCCCCAATGTATC-3ʹ, reverse primer: 5ʹ-CTCCGATGCCTGCTTCACTACCTT-3ʹ) was carried out at 95°C for 10 sec, then 40 cycles of PCR reaction (95°C for 5 sec and 60°C for 30 sec), followed by dissociation (95°C for 15 sec, 60°C for 30 sec and 95°C for 15 sec). The ΔΔCt method was used for the calculation of the gene expression levels. The relative transcript level of the target gene was expressed as the n-fold difference relative to that of the housekeeping gene, GAPDH, as previously described \[[@r23], [@r39]\].

Plasma levels of pancreatic enzymes and cytokines
-------------------------------------------------

Amylase and lipase activities were measured in all plasma samples with commercial kits, according to the manufacturer's instructions (COBAS6000, Roche Diagnostics, North America, Indianapolis, IN, U.S.A.). In addition, plasma interleukin-6 (IL-6) levels were assessed using a commercially available sandwich enzyme-linked immunosorbent assay (ELISA) kit (Quantikine IL-6 ELISA kit, R&D Systems Inc., Minneapolis, MN, U.S.A.). The absorbance was read at 450 nm with a plate reader (Power Scan HT, DS Pharma Biomedical, Co., Ltd., Osaka, Japan), and IL-6 concentrations were calculated using a four-parameter logistic curve fit.

MPO staining
------------

MPO staining was performed to assess inflammatory cell infiltration. First, frozen tissue samples were sectioned into 6-*µ*m slices using a cryostat (CM3050 S, Leica Biosystems, Germany); then, MPO staining was performed according to the manufacturer's instructions (New PO-K kit, Muto Pure Chemical, Co., Ltd., Tokyo, Japan). Giemsa staining was performed as a counterstain. As described in a previous report \[[@r30]\], MPO positive cells were counted in 20 consecutive high-power fields (HPFs) on each slide (× 400 magnification). Three slides were randomly selected for each tissue, and the mean number of MPO positive cells was calculated from them.

Data analysis
-------------

All analyses were performed using StatMate (ATMS Co., Ltd., Tokyo, Japan). Comparisons of parameters among the three groups were performed using one-way analysis of variance (ANOVA), followed by Tukey's multiple comparison tests. The results of qPCR were analyzed by Student's *t* tests. Data are expressed as the means ± SD. *P*\<0.05 was considered statistically significant.

RESULTS {#s2}
=======

The mRNA expression levels of SP and NK1R in pancreatic tissues of healthy and affected mice are shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Relative mRNA levels of SP and NK1R in pancreatic tissue. The data are relative mRNA expression levels that were standardized to the corresponding GAPDH value. \**P*\<0.05; N.S., not significant. SP, substance P; NK1R, neurokinin 1 receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; AP, acute pancreatitis.. SP and NK1R mRNA were detected in the pancreatic tissues of both groups. Notably, the mRNA level of SP was prominently elevated in the tissues with AP, compared to that in normal pancreas. No significant difference in NK1R mRNA level was observed between the tissues.

Plasma amylase, lipase and IL-6 levels in each group are shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Effect of maropitant on blood amylase, lipase, and IL-6 levels in AP. (A) Plasma amylase level. (B) Plasma lipase level. (C) Plasma IL-6 level. Results are expressed as means ± SD of 8 mice. \**P*\<0.05; N.S., not significant. AP, acute pancreatitis; MA, maropitant; IL-6, interleukin-6.. Induction of AP caused a prominent increase in amylase, lipase and IL-6 levels. Treatment with maropitant significantly decreased these levels, especially the IL-6 level, which was lowered in maropitant-treated mice below the value of the healthy mice (Healthy mice: 3.4 ± 1.7 *p*g/m*l*, AP mice: 18.4 ± 6.7 *p*g/m*l*, AP mice with maropitant treatment: 1.6 ± 0.9 *p*g/m*l*).

MPO staining was performed to quantify the inflammatory cells in the pancreas ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Effect of maropitant on the number of MPO positive cells in AP. A: Results of MPO staining in each treatment group (n=8, each). \**P*\<0.05; N.S., not significant. The arrowheads indicate MPO positive cells in the pancreas. AP, acute pancreatitis; MA, maropitant; MPO, myeloperoxidase. B: histological finding of no treated mice. C: histological finding of AP mice. D: histological finding of AP mice treated with maropitant.). Treatment with maropitant was found to reduce the cell infiltration (MPO positive cells/20 HPF) in the pancreas (Normal pancreas: 0.4 ± 0.1, AP: 85.7 ± 15.6, AP with maropitant treatment: 28.3 ± 6.6, *P*\<0.05).

DISCUSSION {#s3}
==========

In the present study, we demonstrated the anti-inflammatory action of the NK1R antagonist, maropitant, in a mouse model of AP. Among several inflammatory disease models, the association of SP/NK1R signaling with the pathogenesis AP has been well demonstrated. During the early stage of AP, stimulation of sensory nerves induces the release of SP. The released SP binds to NK1R to activate the inflammatory process in AP, causing edema, hyperamylasemia, microcirculatory dysfunction, and ultimately pancreatic tissue injury \[[@r12], [@r19]\]. A previous study had indicated that the selective NK1R antagonist, CP96345, decreased blood amylase levels and pancreatic MPO activity in the cerulein-induced AP model \[[@r21]\]. Another rat study demonstrated that administration of CP96345 attenuated the inflammation in AP associated with endoscopic retrograde cholangiopancreatography \[[@r13]\]. In the present study, we confirmed the expression of NK1R and SP in the pancreas. Notably, the SP mRNA level was prominently increased in tissues with AP. Based on the present and previous findings, the anti-inflammatory action of maropitant is mediated through the blockade of NK1R in the pancreas.

Several mechanisms of the anti-inflammatory action of maropitant on AP have been proposed. One proposed mechanism is that released SP directly stimulates inflammatory cells to release cytokines, oxygen free radicals, and other inflammatory mediators. This is especially important for TNF-α, IL-1β and IL-6, which play important roles in the initiation of the inflammatory cascade and tissue injury in AP \[[@r26]\]. A previous study indicated that SP and NK1R expressed in monocytes and macrophages \[[@r16]\]. SP promotes the synthesis of TNF-α, IL-1β and IL-6 \[[@r4], [@r24]\], and enhances the phagocytosis of murine macrophages \[[@r2]\]. SP also induces the degranulation of human neutrophils and activates the oxidative burst, leading to the generation of reactive oxygen species \[[@r32]\].

Furthermore, SP induces IL-6 production via NF kappa B pathway in mast cell \[[@r1]\]. Our results show that maropitant completely inhibited blood IL-6 levels. This result indicated that SP-NK1R system is major regulator of IL-6 production in inflammatory cells in circulating blood. Considering our findings and those of previous studies, maropitant shows anti-inflammatory action by inhibiting the production of proinflammatory cytokines.

Along with the modulation of inflammatory cytokines, SP/NK1R signaling regulates chemotaxis and vascular permeability. SP is a known chemoattractant for monocytes and neutrophils \[[@r32]\]. It has been reported that SP/NK1R signaling results in neutrophil accumulation in the pancreas, and blockade of NK1R suppressed CC and CXC chemokine production in mice \[[@r18]\]. Furthermore, NK1R expressed in blood vessels, and it can regulate extravasation \[[@r18]\]. In a cerulein-induced AP mouse model, superfusion of SP increased microvascular permeability, and NK1R antagonist treatment inhibited the function of SP, thereby improving the microcirculatory dysfunction \[[@r19]\]. Our results show that treatment with maropitant significantly decreased inflammatory cell infiltration. Taken together, the inhibition of SP-induced chemoattraction and extravasation also may be involved in the anti-inflammatory action of maropitant.

Following the previous CP96345 study \[[@r21]\], we demonstrated the anti-inflammatory action of maropitant, a FDA-approved NK1R antagonist, in cerulein-induced AP. CP96345 is first NK1R antagonist developed in 1990s. CP96345 shows high selectivity to NK1R, and has analgesic and anti-inflammatory action \[[@r31]\]. However, CP96345 has not been clinically approved because of its severe hypotensive action caused by interaction with calcium channel \[[@r36]\]. Like CP96345, maropitant shows high selectivity to NK1R \[[@r7]\]. Maropitant shows high brain-blood ratio \[[@r8]\], and has strong central anti-emetic action without prominent adverse reaction \[[@r7]\]. Along with its anti-emetic action, recent findings suggest that maropitant possess peripheral action, including analgesic, antipruritic, and anti-diarrheal action \[[@r5], [@r34], [@r45]\]. To author's knowledge, this is a first report that demonstrated the anti-inflammatory action of maropitant, suggesting its novel clinical application as anti-inflammatory agent. In the present study, cerulein was administered 7 times to mice, and an autopsy of the pancreas was performed 12 hr later. Compared to the previous CP96345 study, AP model used in the present study is mild, because cerulein was administered fewer times. In addition, the present AP model shows early phase of AP. Based on the present finding, further studies are required to confirm the effect of maropitant on pancreatic injury using more severe AP model with later-phase.

In the present study, maropitant was subcutaneously administered to mice immedietly after the first cerulein administration. We administered maropitant at single dose since this drug is reported to show long duration of action \[[@r3]\]. Previous reports have investigated the pharmacological action of maropitant in mice. One study demonstrated that 1 mg/kg of maropitant alleviated pruritus caused by ulcerative dermatitis \[[@r45]\]. Other investigators found that 10 mg/kg of maropitant inhibited gastrointestinal transit in a mouse model of postoperative ileus, but they did not observe anti-inflammatory activity \[[@r29]\]. This difference in pharmacological action may be due to the degree of involvement of the NK1R in inflammatory process. In the present study, the dose of maropitant was adjusted to 8 mg/kg, which is the maximum oral dose in dogs \[[@r7]\]. Based on the present study, additional studies are needed to investigate the anti-inflammatory action of maropitant in dogs as well.

Along with SP/NK1R pathway, 5-HT/5-HT~3~R signaling plays an important role in the pathogenesis of AP. We have previously shown that 5-HT~3~R antagonist ondansetron has anti-inflammatory action in AP \[[@r39]\]. Recently, it is demonstrated that activation of 5-HT~3~R promotes SP-NK1R system in acute inflammatory process in DSS-induced colitis model. In the report, DSS treatment increased 5-HT~3~R and SP double positive colonic nerve fiber, and up-regulate the colonic SP level. In addition, these responses were attenuated by NK1R antagonist aprepitant \[[@r41]\].Considering previous and present findings, there is a possibility that anti-inflammatory action of 5-HT~3~R antagonist ondansetron on AP can be associated with SP/NK1R pathway.

Emesis is a major clinical symptom of canine AP, and in many cases, antiemetics are used in the management of this symptom. Maropitant is a representative antiemetic agent used for AP-induced vomiting. In addition to maropitant, dopamine D~2~ receptor antagonists, such as metoclopramide, and 5-HT~3~ receptor antagonists, such as ondansetron and dolasetron, can be used \[[@r20], [@r43]\]. In a previous study, the dopamine D~2~ receptor antagonist, domperidone, worsened the pancreatic injury in a rat AP model \[[@r38]\]. In addition, we recently showed that the 5-HT~3~ receptor antagonist, ondansetron, had anti-inflammatory activity in a mouse AP model \[[@r39]\]. These findings suggest that the selection of antiemetics affects the outcome of AP. Based on our results, further studies are warranted to investigate the association between antiemetic agents and the prognosis of canine AP.
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